Abstract-We investigate the microscopic distributions of sub-band-gap luminescence emission (the so-called D-lines D1/D2/D3/D4) and the band-to-band luminescence intensity, near recombination-active subgrain boundaries in multicrystalline silicon wafers for solar cells. We find that the sub-band-gap luminescence from decorating defects/impurities (D1/D2) and from intrinsic dislocations (D3/D4) has distinctly different spatial distributions, and is asymmetric across the subgrain boundaries. The presence of D1/D2 is correlated with a strong reduction in the bandto-band luminescence, indicating a higher recombination activity. In contrast, D3/D4 emissions are not strongly correlated with the band-to-band intensity. Based on spatially resolved, synchrotronbased micro-X-ray fluorescence measurements of metal impurities, we confirm that high densities of metal impurities are present at locations with strong D1/D2 emission but low D3/D4 emission. Finally, we show that the observed asymmetry of the sub-band-gap luminescence across the subgrain boundaries is due to its inclination below the wafer surface. Based on the luminescence asymmetries, the subgrain boundaries are shown to share a common inclination locally, rather than being orientated randomly.
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I. INTRODUCTION
S UB-BAND-GAP photoluminescence (PL) spectroscopy has been demonstrated to be a powerful technique to study defects and impurities in silicon (Si) photovoltaics [1] - [3] . Many defects and impurities can emit distinct sub-band-gap PL peaks at lower temperatures, such as dislocations [4] - [13] , oxygen precipitates [14] - [16] , iron precipitates [17] , and Cr-B pairs [18] . Recently, with the advent of so-called hyperspectral imaging techniques, both spatial and spectral information of PL signals emitted from Si wafers can be captured simultaneously. Therefore, different radiative recombination centers at various locations in Si wafers and solar cells can be investigated independently [19] - [22] .
In multicrystalline Si (mc-Si) solar cells, dislocation clusters are a major efficiency limiting factor [23] . In mc-Si wafers, large angle grain boundaries can act as relaxation sites for the high thermal stress and strain during the crystal growth, and thus minimize the formation of dislocations nearby. On the contrary, inside the grains, the material still suffers a high level of stress and strain, causing an elastic bending of the crystal structure. The bending energy can be relaxed by the introduction of dislocations. The further the lattice distorted, the more dislocations need to be introduced to compensate. These dislocations can aggregate to produce a small angle grain boundary or a subgrain boundary (sub-GB), across which there is a small but permanent misorientation of the crystal lattice (generally below 2°). Due to the formation mechanism of these sub-GBs, they always contain a high density of dislocations. The residual stress and strain around these dislocations, in turn, can preferentially trap other defects and impurities, and become very recombination active. As such, sub-GBs have detrimental effects on the performance of mc-Si solar cells [24] . Therefore, an improved understanding of recombination activities of sub-GBs after different processing steps is necessary for mitigating their detrimental impacts on cell performance.
The sub-GBs are known to emit four distinct sub-band-gap peaks called D1, D2, D3, and D4. The doublet D3/D4 reflects intrinsic properties of dislocations since it is found to be confined around sub-GBs [2] , [5] , [6] , [8] , [12] . Meanwhile, the doublet D1/D2 is thought to be emitted from secondary defects and impurities trapped around the dislocations since it is distributed across a wider area from the sub-GBs [2] , [5] , [6] , [8] , [12] .
However, D1/D2 and D3/D4 are not always present together along sub-GBs, and the D1/D2 intensity may not be correlated with the D3/D4 intensity. In addition, the relative impact of D1/D2 and D3/D4 on the band-to-band (BB) luminescence from Si, which reflects the carrier lifetime and therefore the material quality, remains unclear. If the spatial resolution of PL imaging and PL spectroscopy maps is not high enough, it is likely that the spatial distribution of the D3/D4 luminescence is masked by that of D1/D2, since D1/D2 has a wider spatial distribution around sub-GBs than D3/D4 [6] , [8] , [12] . Moreover, recently we have reported that the D lines are very often asymmetrically distributed across sub-GBs in mc-Si wafers [25] , [26] . However, there are no conclusive reports on the reasons for this asymmetry to date.
In this work, utilizing the micron-scale spatial resolution of a micro-PL (µ-PL) spectroscopy system, we perform spectral PL measurements directly at sub-GBs and the surrounding regions in order to study their luminescence behaviors. We first review some important characteristics of sub-band-gap luminescence from sub-GBs, which are the basis for our later discussions. We then examine correlations among intensities of the D lines and the main BB PL peak after different processing steps, including the as-cut state, after phosphorus gettering, and after hydrogenation. In addition, using synchrotron-based micro-X-ray fluorescence spectroscopy (µ-XRF) measurements, we examine the presence of metal impurities at and around sub-GBs emitting strong D-line intensities. Finally, we present and explain the asymmetric distribution of the D lines across sub-GBs, which provides insight into the physical arrangements of sub-GBs below the wafer surface. These results are validated by secondary electron microscope (SEM) and transmission electron microscope (TEM) images.
II. EXPERIMENTAL DETAILS
The investigated samples are three standard directionally solidified industrially grown p-type mc-Si wafers having a background boron doping concentration of 9 × 10 15 cm −3 . They were sister wafers cut consecutively from the same ingot. First, they were chemically etched in an HF/HNO 3 solution to remove saw damage and to achieve planar surfaces. After that, one wafer was kept in the as-cut state. The second wafer went through an extended phosphorous gettering process [27] . The third wafer was passivated with a layer of SiN x :H deposited by the plasma-enhanced chemical vapor deposition technique. It was then annealed at 700°C for 30 min in a N 2 gas environment in a quartz tube furnace to distribute hydrogen throughout the wafer thickness. All three wafers were then chemically etched again to reveal bare Si surfaces. Finally, they were immersed in a defect etchant consisting of acetic/HNO 3 /HF for 16 h in order to reveal sub-GBs [28] , [29] , which are otherwise invisible under an optical microscope.
The µ-PL spectroscopy system employed in this study is a Horiba LabRAM equipped with confocal optics. The incident laser light was focused into the sample surface via a 50× objective lens whose numerical aperture is 0.55. The emitted PL light was directed into a monochromator whose grating was set at Fig. 1 . Example of a PL spectrum captured at a sub-GB of the as-cut mcSi wafer, excited with the 810-nm light at 80 K. The peak ∼1130 nm is the main band-to-band (BB) peak emitted from Si, assisted by the emission of a transverse-optical phonon. The spectral region above 1170 nm was decomposed into five separate Gaussian peaks, corresponding to the D1-D4 lines, and an optical zone-center phonon replica of the main BB peak [35] , denoted as phonon replica of band-to-band (PRBB).
150 grooves/mm, and then was detected by a liquid-nitrogencooled InGaAs array detector. The mapping stage had a minimum step size of 0.1 µm in both X and Y directions. Two excitation light sources were employed in this study-a diodepumped solid-state 532-nm laser, and a supercontinuum NKT laser whose emission wavelength is tunable between 480 nm and 2 µm. A wavelength of 810-nm with a bandwidth of 10 nm was used in this study. The power was kept constant at 6 mW for all measurements. The illuminated spot size was ∼1 and ∼2 µm for the 532 and 810-nm excitation light sources, respectively. The sample temperature was controlled by a liquid-nitrogen-cooled Linkam stage. The spectral response of the entire system was determined by a calibrated halogen-tungsten light source. The misorientation angles of sub-GBs were determined by electron back scattering diffraction (EBSD) measurements, and found to be less than 2°for all investigated sub-GBs. The overall concentration of interstitial oxygen [Oi] in each sample was determined using Fourier transform infrared spectroscopy by calibrating the results with a Czochralski Si (Cz-Si) wafer whose [Oi] was known, and was found to be around 2.5 × 10 17 cm
for the three investigated samples. The µ-XRF scans were performed at Argonne National Laboratory's Advanced Photon Source Beamline 2-ID-D using an incident X-ray energy of 9 keV with a full-width half-maximum beam spot size of ∼200 nm [30] . Sub-GBs of interest were located using an optical microscope aligned with the beam direction. At least 20 × 20 µm 2 area of each sub-GB was mapped in flyscan mode, which increases the measurement throughput compared to the standard step-scan mode [31] , in 220 nm steps. Further details of µ-XRF measurement and analysis procedures can be found in [32] - [34] .
III. PL SPECTRA FROM SUB-GBS
In this section, we review some important properties of the so-called D lines emitted from sub-GBs in mc-Si wafers, which will serve as a basis for our discussions in later sections. Fig. 1 shows an example of a PL spectrum captured at a sub-GB of the as-cut mc-Si wafer at 80 K. The PL peak located ∼1130 nm is the main BB peak emitted from Si, assisted by the emission of a transverse-optical phonon. Besides that, we can observe another four distinct sub-band-gap peaks denoted as D1-D4 in Fig. 1 . The doublet D3/D4 was reported to reflect the intrinsic properties of dislocations by many authors since its spatial distribution was confined around dislocation cores or sub-GBs [2] , [5] , [6] , [8] , [12] . Meanwhile, the doublet D1/D2 was demonstrated to originate from secondary defects and impurities trapped by the strain field around the dislocations, and thus their spatial distribution was extended further away from the dislocation cores or sub-GBs [2] , [5] , [6] , [8] , [12] . In Fig. 1 , we can numerically decompose the spectrum into five different Gaussian peaks, corresponding to the D1-D4 lines, and an optical zone-center phonon replica of the main BB peak [35] , denoted as phonon replica of BB. The main BB line is well-resolved from the other lines, and thus its intensity can be determined precisely without being decomposed from the other lines. Based on the Gaussian distributions in Fig. 1 , integrated intensity mappings taken between 1400 and 1570 nm and between 1220 and 1320 nm can be used to represent the doublets D1/D2 and D3/D4, respectively, without significantly overlapping with adjacent peaks.
Next, Fig. 2 compares a single PL spectrum (captured directly at a sub-GB) with an average PL spectrum (average of 31 spectra captured from a line scan ± 15 µm across the sub-GB) of the mc-Si wafer at 80 K. The single spectrum captured at the sub-GB displays high intensities of D3 and D4, whereas the average spectrum displays only a small peak for D4. Since D3 and D4 are confined around the sub-GB and their intensities are reduced when moving away from the sub-GB, whereas D1 and D2 have broader spatial distributions around the sub-GB, the relative intensities of D3 and D4 are reduced significantly in the average spectrum. Therefore, if the illuminated spot size is too large, the D1 and D2 lines could overshadow the D3 and D4 lines, and thus affect our interpretations on the D line spatial distributions. In this work, the illuminated spot is only 1-2 µm in diameter, allowing micron-scale spatial mappings of the D lines around sub-GBs.
Another important property of the D lines is the different thermal quenching rates between D1/D2 and D3/D4 [4] , [12] , [36] . The intensity of the D3/D4 doublet is reduced more quickly as the temperature rises than that of the D1/D2 doublet. Fig. 3 shows PL spectra captured at two different sub-GBs at 80 and 300 K. Compared to sub-GB 2, sub-GB 1 emits strong D3/D4 but minimal D1/D2 at 80 K. However, at 300 K, the D3/D4 doublet of sub-GB 1 disappears, whereas the D1/D2 doublet of sub-GB 2 is still present with a relatively strong intensity. Therefore, the PL signal around 1300 nm from sub-GB 2 at room temperature must be the tail of D1/D2, rather than a residue of D3/D4. The signatures in Fig. 3(b) suggest that even though some sub-GBs emit strong D3/D4 (intrinsic properties of dislocations) at low temperatures, sub-band-gap PL mappings at room temperature likely only contain signatures of D1/D2 (defects and impurities trapped around dislocations) [37] - [40] . Therefore, this work will focus on the luminescence at low temperatures in order to investigate properties of sub-GBs in mc-Si wafers.
IV. CORRELATIONS AMONG D LINES AND BB LINE AFTER DIFFERENT PROCESSING STEPS
In this section, we investigate correlations among the intensities of the various D lines and the BB line. In Fig. 4(a) , the BB intensity is inversely correlated with the total intensity of the D lines, i.e., the sub-band-gap luminescence globally reflects a reduction of material quality for photovoltaic applications. The findings are consistent with the results reported by Johnston et al. [39] , in which the authors saw a strong inverse correlation between the BB luminescence and the defect luminescence, although the measurements were performed at room temperature and the defect luminescence was a very broad and featureless peak. Moreover, we found that the BB intensity has a significantly stronger correlation with the total intensity of D1 plus D2 [see Fig. 4(b) ] compared the total intensity of D3 plus D4 [see Fig. 4(c) ]. This indicates that the D1/D2 emission is a better indicator of high recombination activity at subgrain boundaries.
In addition, D1 and D2 are strongly correlated together [see Fig. 4(d) ], and so are D3 and D4 [see Fig. 4 (e)], consistent with the fact that D3/D4 are emitted from dislocation cores and D1/D2 are emitted from secondary defects and impurities. However, we found no correlation between the total intensities of D1 plus D2 and D3 plus D4, as depicted in Fig. 4(f) . This result suggests that the two doublets D1/D2 and D3/D4 do not necessarily appear together because of their different origins. In fact, Mehl et al. [41] also reported no correlation between the spatial distributions of D1 and D4 using a hyperspectral imaging technique, although the spatial resolution was on the order of a hundred of micrometers and D3/D4 could be potentially offset by D1/D2 at sub-GBs (see, for example, Fig. 2 ). With the µ-PL tool, we can perform the measurements directly at sub-GBs and thus can find certain sub-GBs which emit only D1/D2 without D3/D4 or vice versa. Table I summarizes the correlation coefficients among intensities (in logarithmic scales) of the D lines and BB line for all three samples (as-cut, phosphorus gettered, and hydrogenated). These correlations were found to be consistent regardless of processing steps, suggesting that gettering and hydrogenation do not significantly alter the PL emission properties of subgrain boundaries.
Next, Fig. 5 plots the integrated intensity mappings of D1 plus D2 (column 1), D3 plus D4 (column 2), and the BB line (column 3) from four different regions in the as-cut mc-Si wafer. Respectively, the mappings of D1 plus D2, D3 plus D4, and BB are the integrated intensities between 1400 and 1570 nm, 1220 and 1320 nm, and 1070 and 1150 nm. These regions of the PL spectra were chosen for mapping since the two doublets D1/D2 and D3/D4, and the BB line are not significantly overlapped with each other within these wavelength ranges, as can be observed in Fig. 1. In Fig. 5 , the D3/D4 patterns are more localized around sub-GBs than the D1/D2 patterns. The faint, thin dark lines within the bright patterns in the mappings of D1/D2 and D3/D4 are artifacts due to etch grooves along the sub-GBs after the defect etch. These indicate the positions of the sub-GBs, based on which we can observe an asymmetric distribution of the D lines around the sub-GBs. Section VI will discuss this asymmetry in more detail.
Furthermore, we can observe that dark patterns of the BB mappings follow closely bright patterns of the D1/D2 mappings consistently for all regions. However, bright patterns of the D3/D4 mappings follow neither bright patterns of D1/D2 nor dark patterns of BB with consistency. These results confirm that the doublet D1/D2 has a stronger correlation with the recombination activity of the sub-GBs than the doublet D3/D4. Moreover, red rectangles in Fig. 5 mark regions of high D3/D4 intensities but absent D1/D2, whereas broken yellow rectangles mark the regions of high D1/D2 intensities but absent D3/D4. We can see clearly that when D1/D2 is absent, even though D3/D4 is high, the contrast of these areas in the BB mappings is minimal. On the other hand, when D1/D2 is high but D3/D4 is absent, there is a significant reduction in the BB signal. The results confirm that the sub-GBs emitting a high D1/D2 intensity are more recombination active than the subGBs emitting only D3/D4. These findings can be compared with the results reported by Bauer et al. [42] . These authors found strong electron beam induced current contrasts along sub-GBs with the presence of nonsplit Lomer dislocations, but minimal contrasts along sub-GBs with the presence of only partial dislocations and stacking faults. The sub-GBs emitting only D3/D4 may, therefore, contain only partial dislocations and stacking faults. However, a detailed study on the microscopic structures of dislocations at these sub-GBs is required to confirm this hypothesis.
V. IMPACTS OF METAL IMPURITIES ON D LINES
In this section, we combine both µ-PL mappings and µ-XRF scans in order to provide more insights about the origins of the D lines. We performed µ-XRF scans for regions marked by A1 (40 × 40 µm 2 ), A2 (40 × 40 µm 2 ), and C1 (20 × 20 µm 2 ) in Fig. 6 . The first point to notice in this figure is that the densities of metal precipitates in regions A1 and C1 (high D1/D2 but no D3/D4) are high, whereas those in region A2 (high D3/D4 but no D1/D2) are below the detection limit. In addition, in regions A1 and C1, metal precipitates are present not only along the sub-GBs but also in surrounding areas, indicating that these regions are highly contaminated with metals, perhaps even before the sub-GB formation during ingot cooling. In other words, these sub-GBs form in a metal rich environment in which metals are present in various forms (precipitates and as dissolved impurities). If these sub-GBs had been contaminated with metals after their formation, the metal precipitates would be expected to largely occur directly along the sub-GBs, as demonstrated in µ-XRF results by several authors [32] - [34] . Note that, although we could not detect metal precipitates in region A2, this region could also be contaminated with metal impurities or it could have formed in a contaminated environment, as it is only ∼50 µm away from region A1 (heavily contaminated). However, the contamination level in A2 is clearly much lower than those in A1 and C1. The D lines (D1-D4) have previously been observed in both high-purity plastically deformed float-zone and Cz-Si wafers by numerous authors [4] , [5] , [43] , [44] , indicating that metal impurities and/or precipitates are not always the direct causes of the D lines. However, the D-line intensities could be enhanced when the wafers are moderately contaminated with metal impurities, such as Fe and/or Cu, as reported by Lightowlers and Higgs [6] , Kittler et al. [9] , and Tajima et al. [11] . Sub-GBs in mc-Si wafers are the result of dislocation accumulation during the ingot growth and cooling, and thus must contain a high density of dislocations. The fact that some sub-GBs emit D1/D2 but not D3/D4 (for example, A1 and C1 in Fig. 5) demonstrates that a high density of metal impurities may have quenched the luminescence efficiency of the dislocation cores at these sub-GBs, but not the luminescence of the secondary defects/impurities. Meanwhile, the sub-GBs emitting D3/D4 but not D1/D2 (for example, A2 in Fig. 5 ) are less contaminated than the sub-GBs also emitting D1/D2. However, the D3/D4 intensity is not the strongest at the sub-GBs with absent D1/D2, but at the sub-GB parts with weak D1/D2 as indicated by red arrows in Fig. 5 . This behavior is consistent with the fact that a moderate level of metal contamination could enhance all the D-line intensities [6] , [9] , [11] .
We note that many works have found that oxygen precipitates can also emit sub-band-gap PL peaks in the spectral range of D1/D2 in both Cz-Si and mc-Si wafers [12] , [14] - [16] . Although oxygen cannot be detected by the µ-XRF scans, it could be segregated at sub-GB regions, forming precipitates. Therefore, the observed D1/D2 peaks could partly contain the PL signal emitted from the oxygen precipitates if any. In addition, the D1-D4 lines were demonstrated to be emitted by the recombination of trapped carriers between a deep level and a shallow level [4] , [5] , [7] , [36] . This two-level model is implied from the strong temperature dependence of the D lines, suggesting the participation of shallow levels; and also from the large energy difference between the D lines and the BB line, suggesting the presence of deeper levels. That fact that all the D lines are much broader than the main BB peak suggests that these energy levels are not well-defined, but rather form continuous bands inside the band gap of silicon.
VI. ASYMMETRIC DISTRIBUTION OF D LINES
In the D line mappings in Fig. 5 , we can notice dark cores lying within the bright patterns of D1/D2 and D3/D4 at numerous subGBs. These are optical artifacts from the etch grooves along the sub-GBs, and which indicate the exact locations of the subGBs. In this section, we utilize these artifacts to investigate microscopic spatial distributions of the D lines around sub-GBs in mc-Si wafers. Fig. 7 compares the intensity mappings of the D lines between the 810 and 532-nm excitation lights at 80 K.
In all mappings in Fig. 7 , within the bright patterns along the sub-GBs, the thin dark lines (for mappings with 810-nm light) or thin bright lines (for mappings with the 532-nm light) are locations of sub-GBs, and indicated by red arrows in Fig. 7(a) , for example. In Fig. 7(a) , the mappings of D1 plus D2 with the 810-nm excitation light are highly asymmetric across all subGBs, whereas those with the 532-nm excitation light are less asymmetric. The same trend is observed for the D3 plus D4 mappings, although the asymmetry is less pronounced in this case. We repeated the measurements for numerous sub-GBs [see Fig. 7 (b) and (c)], and found the same behaviors. These signatures suggest that these sub-GBs are inclined underneath the wafer surface rather than perpendicular to the wafer surface. The higher asymmetry observed with the 810-nm excitation is then due to the deeper generation profile achieved with this source. The reason we observe a less asymmetric distribution of D3/D4 compared to D1/D2 is because D1/D2 has a broader spatial distribution around the sub-GBs than D3/D4. Now, we verify the above inclination hypothesis with SEM and TEM results. Fig. 8(a) shows Fig. 7(a) rotated 90°counter clockwise. Fig. 8(b) shows an SEM image of the sub-GB displaying a highly asymmetric distribution of D1/D2. In Fig. 8(b) , the etch groove is the location of the sub-GB, and its shape is also asymmetric. The left-hand side slope of the groove is shallow, whereas the right-hand side slope is steep. This signature could indicate the inclination direction of this sub-GB underneath the surface. In fact, a TEM vertical cross-section foil (∼100 nm thin) across this sub-GB was prepared by a focused ion beam tool, and its bright field TEM image is displayed in Fig. 8(c) . The TEM micrograph clearly shows an inclined sub-GB underneath the surface, angled toward the broader side of the D line mappings, or the steeper side of the etch groove. Therefore, the observed asymmetric patterns of the D lines are due to the inclined sub-GBs underneath the wafer surface.
Finally, we examine if the asymmetry of the D lines, i.e., the inclination of the sub-GBs, has a common direction. Fig. 9 shows optical images of the four investigated regions (A, B, C, and D). They have the same X and Y directions relative to one another, and they came from the same dislocation cluster in a wafer. The directions of the arrows indicate the sides with wider D-line emissions across the sub-GBs. We can see clearly that the D lines are consistently skewed to the left (red arrows) and downward (yellow arrows). Since sub-GBs are the result of dislocation accumulation, these results suggest that dislocations were formed and evolved in a common direction locally, rather than in random directions, during the crystal growth process. This conclusion is difficult to make using common microscopic tools such as TEM or EBSD due to impractical aspects of sample preparations.
VII. CONCLUSION
Utilizing micron-scale spatial resolution from a µ-PL spectroscopy system, we performed a microscopic investigation on luminescence behaviors of subgrain boundaries in mc-Si wafers. We demonstrated that when the spatial resolution is low or the measurement temperature is high, the spatial distribution of luminescence signals of subgrain boundaries can become indistinct. In addition, we showed that at subgrain boundaries, there is no spatial and intensity correlation between D1/D2 and D3/D4. Although both of them negatively affect the BB luminescence from silicon, D1/D2 are significantly more detrimental than D3/D4. Moreover, based on the synchrotron-based µ-XRF measurements, we confirmed that high densities of metal impurities are present at the sub-GBs with strong D1/D2 emission, and their presence can quench the intrinsic luminescence from dislocation cores. Finally, we concluded that the asymmetric distribution of the D lines across subgrain boundaries is due to the inclined subgrain boundaries underneath the wafer surface. The subgrain boundaries were formed and evolved in a common direction locally, rather than in a random manner, during the crystal growth process.
